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Abstract
A model combining the rate of carbon assimilation with water and energy balance
equations has been run using satellite and ancillary data for a period of 60 months (January 1986
to December 1990). Calculations for the Gediz basin area give mean annual evaporation as 395
mm, which is composed of 45% transpiration, 42% soil evaporation and 13% interception. The
coefficient of interannual variation of evaporation is found to be 6%, while that for precipitation
and net radiation are, respectively, 16% and 2%, illustrating that net radiation has an important
effect in modulating interannual variation of evaporation. The mean annual water use efficiency
(i.e., the ratio of net carbon accumulation and total evaporation) is ca. 1 g m -2 mm-l, and has a
coefficient of interannual variation of 5%. A comparison of the mean water use efficiency with
field observations suggests that evaporation over the area is utilized well for biomass production.
The reference crop evaporation for irrigated areas has annual mean and coefficient of variation
as, respectively, 1176 mm and 3%. The total evaporation during three summer months of peak
evaporation (June-August) is estimated to be about 575 mm for irrigated crops like maize and
cotton. Seasonal variations of the fluxes are presented.
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21. Introduction
Total evaporation couples water and energy balance equations (Brutsaert, 1982), while
transpiration, which is the major component of total evaporation over most of the land surface, is
strongly linked with the rate of carbon assimilation (Tanner and Sinclair, 1983; Monteith, 1988).
Consequently, it is desirable to consider carbon assimilation in doing energy and water balance
calculations.
A biophysical process-based model, linking the rate of carbon assimilation with water
and energy balance equations, described previously (Choudhury and DiGirolamo, 1998) has
been run using spatially representative meteorologic and surface data for a period of 60 months
(January 1986 to December 1990) over the global land surface. The essential aspects of the
model and the data used in the calculations are presented below, while more details can be found
in Choudhury and DiGirolamo (1998). Then, seasonal and interannual variations of evaporation
and their relations with precipitation, net radiation, and net carbon accumulation over the Gediz
basin area (38°-39°N, 27°-28°E) are presented and discussed.
2. Model, data, and uncertainties
2.1. Water balance equation
Daily change of root-zone available soil moisture has been calculated from the following
equation:
W(j+I) = W(j) + P(,j) + Sm(J) - I(j)- Qs(J) - DO) - Es(j) - T(j) (1)
where j is day number, W (j) is root zone available water at the beginning of day j, P (j) is
precipitation, S m (j) is snowmelt, I (j) is interception, Qs (J) is surface runoff, D (j) is drainage
out of the root-zone, E s (j) is soil evaporation, and T (j) is transpiration for day j. All fluxes are
expressed as daily totals in units of mm.
Note that precipitation is considered to provide all moisture at the surface (i.e., no
irrigation or extraction of ground water for transpiration), and the sum of surface runoff and
drainage constitutes total runoff.
An equation analogous to (1) is used to calculate daily change of water equivalent of
snow, when present.
2.1.1. Components of total evaporation
Interception has been calculated using the Horton's model adopted for partial canopy
cover:
I= f* min (P, aP +b) (2)
where f is fractional vegetation cover, and a and b are parameters, which vary with vegetation
type and rainfall intensity.
Soil evaporation is considered to occur in two stages: the energy limited rate or the
exfiltration limited rate (Ritchie, 1972). The energy limited rate (Esl) is calculated by adjusting
evaporation ( E o ) given by the Priestley and Taylor' (1972) equation for fractional exposed soil (
1 - f):
Esl = Eo ( 1 - f) (3)
The exfiltration limited rate ( Es2 ) is calculated from the Philip's equation (Ritchie,
1972):
Es2 = s [ t0"5 - (t-l) 0-5 ] (4)
where s is the desorptivity and t is time (day number). The exfiltration limited rate is not allowed
to exceed energy limited rate, and soil evaporation is assumed to be zero under snow-cover.
Transpiration under well-watered condition ( T u ) is calculated from the Penman-
Monteith equation ( Ep ), adjusted for fractional vegetation cover:
T u = Ep f (5)
where Ep is given by,
{ARni +pcpD/ re}
Ep ...................................... (6)
- X { A+Y(rc+rH)/re }
where ;_ is latent heat of vaporization, A is the slope of saturated vapor pressure with respect to
air temperature, Y is psychrometer constant, Rni is isothermal net radiation (i.e., surface
temperature being equal to the air temperature), 19 is the density and Cp is the specific heat of air
at constantpressure,D is thevaporpressuredeficit, re is theeffectiveresistancefor heattransfer,
givenby,
re-1= rH-1+ rR- 1 (7)
where rR is the longwave radiative transfer resistance, given by
rR = p Cp / (4 c_eTa 3 ) (8)
cy is the Stefan-Boltzman constant, e is the longwave emissivity and T a is the air temperature,
and rH is the aerodynamic resistance for heat transfer, given by
rH = In (z/z H) / (k u, ) (9)
where z is the effective height where friction velocity ( u, ) is determined, z H is the roughness
height for heat transfer and k is von Karman's constant, and rc is the daytime mean canopy
stomatal resistance for well-watered condition.
Considering the often observed linear correlation between leaf stomatal conductance
(which is the inverse of stomatal resistance) and the rate of carbon assimilation (Yoshie, 1986;
Marshall and Vos, 1991; Korner, 1994) and physiological link between canopy transpiration and
carbon assimilation (Tanner and Sinclair, 1983; Monteith, 1988), rc has been calculated from
daytime mean rate of carbon assimilation by the canopy under well-watered condition ( A c ) as:
rc = y / A c (10)
where y is the slope relating leaf stomatal conductance to the assimilation rate. A c has been
calculated from the following equation (Spitters, 1986):
Ac=(Am/_)ln[(Am+eqal_;S)/{Am+eqal_S(l-f)}] (11)
where A m is the maximum leaf assimilation rate, _: is the extinction coefficient of
photosynthetically active radiation ( PAR ) within the canopy, eq is the quantum efficiency, a I is
PAR absorptance of a leaf and S is daytime mean PAR incident on the canopy.
The unstressed rates of transpiration and assimilation occur so long as the root-zone
relative water content remains above 0.4, below which the rates are decreased linearly with the
relative water content to provide the actual rates (Ritchie, 1981).
2.2. Energy balance equation
Net radiation (Rn), sensible (H) and soil heat (G) fluxes have been calculated following
Budyko (1974) and Mintz and Walker (1993). The following equation is used to calculate G ( W
m -2 ) for a month J:
G = 48.5 (T a (J+l) - T a (J-l)) / At (12)
where T a (J+l) and T a (J-1) are, respectively, the mean monthly air temperature of the months
(J+ 1) and (J- 1) and At is the number of days in the two months.
Then, R n and H are obtained from the following equations:
Rn={ Rni+(_,E+G)(rH/rR) }/{ l+(rH/rR) } (13)
H = R n-)_E- G (14)
where E is the total evaporation, and rH and rR are defined above (Eqs. 8 and 9).
2.3. Net carbon accumulation
The daily net carbon accumulation by plants ( C ) (also called the net primary
productivity) is given by the difference of daily total gross assimilation ( Ag,t ) and respiration (
R ) (Amthor, 1989):
C = ( Ag,t - R ) (15)
where Ag,t is obtained by multiplying daytime mean rate of carbon assimilation by the canopy by
the duration of daylight (Spitters, 1986), and R has been taken to be a constant fraction of Ag,t
(Kira, 1975; Monteith, 1981; McCree, 1988).
2.4. Model parameters
All model parameters have been determined from published literature and these are given
in Choudhury and DiGirolamo (1998). Spatial distribution of vegetation type dependent
parameters has been prescribed using a land use and land cover data (Matthews, 1983).
2.5. Data for running the model
The data used to run the model are derived from satellite observations, four dimensional
data assimilation procedure (4DDA) and ground measurements for a period of 60 months
(January 1986 to December 1990). The mean monthly surface albedo, fractional cloud cover,
solar and photosynthetically active radiation were derived from the data produced under the
International Satellite Cloud Climatology Project (Whitlock et al., 1995; Choudhury and
DiGirolamo, 1998). The mean monthly air temperature and vapor pressure have been derived
from observations by the Tiros Operational Vertical Sounder (TOVS) on board NOAA satellites
(Susskind et al., 1997; Choudhury, 1997a). The friction velocity and surface air pressure are
derived from a 4DDA (Schubert et al., 1995). The monthly total precipitation values were
produced under the Global Precipitation Climatology Project by merging gauge measurements
and satellite observations, and were disaggregated into daily values (Meeson et al., 1995;
WCRP, 1996). The fractional vegetation cover has been derived from visible and near-infrared
reflectances observed by the Advanced Very High Resolution Radiometer (AVHRR) on board
NOAA satellites after correcting for sensor degradation and atmospheric effects (Choudhury and
DiGirolamo, 1998).
These data have varied spatial resolution; highest resolution being 0.25 ° x 0.25 ° (latitude
x longitude cell) for fractional vegetation cover and lowest being 2.5 ° x 2.5 ° for precipitation
and vapor pressure deficit. Uncertainties in some of these data sets are can be found in Whitlock
et al. (1995) and Choudhury (1997a). Calculations have been done at a daily time step and at
0.25 ° x 0.25 ° resolution; all data have been put in this time step and spatial resolution by
duplicating their values within their own resolution.
2.6. Model initialization
The water balance calculation requires an initial value of available moisture { Eq. 1; W
(j=l) } at all spatial grids. Since there are no measurements of this moisture over the global land
surface, it was set at half the maximum value to run for the five years. The moisture values
obtained at the end of this five-year run were then used to calculate the fluxes presented below
(i.e., the results from the second five-year run). While this procedure minimizes the arbitrariness
of the initial choice of the moisture value, uncertainties in the fluxes still remain for the first few
months.
2.7. Uncertab_ties in the results
Comparisons with micrometeorologic measurements at two locations, estimates of
evaporation by the atmospheric water budget method for six river basins (areas ca. 1-7 x 10 6
km 2) and water balance of 132 catchments (areas ca. 1-103 km 2) having different vegetation
cover distributed throughout the world and 10 river basins (areas ca. 1-7 x 106 km 2) gave
uncertainties of about 15% and 20%, respectively, for annual and monthly evaporation
(Choudhury and DiGirolamo, 1998; Choudhury, 1999). The partitioning of total evaporation into
transpiration, soil evaporation and interception was also consistent with available data. The
magnitude of error in net radiation has not yet been determined lacking meaningful comparisons
with spatially representative observed values (such measurements are now being done, which
will allow error analysis).
Choudhury and DiGirolamo (1998) found good agreement between the computed and
observed (neutron probe) average soil moisture in the top 1 m at 12 fairly well distributed grass-
covered locations within Illinois (38°-42°N, 88°-90°W) for a period of 24 months (1987-1988).
This comparison for the present 60 months period is shown in Fig. 1. Fig. la shows the mean
seasonal variation (arithmatic average of five yearly values for each month) of the measured soil
moisture and the computed available moisture (note different scales in the figure). The data
presented by Hollinger and Isard (1994) suggest the wilting point moisture to be about 190 mm.
If this wilting point moisture (190 mm) is subtracted from the measured values, the computed
values agree well with the estimated available moisture during the spring, but they are lower by
40-60 mm during summer and fall. This difference between the seasonal variation of the
computed and estimated available moisture could be related to vegetation-type dependent
moisture extraction pattern; a significant part of the area over which these measurements have
been made is planted to maize, which extracts more moisture during the summer than grass (see
Fig. 4 in, Doorenbos and Pruitt, 1977). A linear regression analysis of these 60 months of
moisture values gave an explained variance of 73% and a slope of 1.25 (scatter plot not shown).
To assess the extent by which the model is providing interannual variations, the soil moisture
8anomalies were computed by subtracting the mean seasonal variation from the monthly values.
The computed and observed moisture anomalies are in good agreement; the explained variance
being 50% and slope being 0.78 (Fig. l b).
Since none of the error estimates reported above is based upon comparisons done by
calibration (or adjustment) of the model parameters, these estimates suggest the likely
uncertainties in the model results for areas where it has not been tested, but satisfy the basic
assumptions (viz., no irrigation or extraction of ground water for transpiration) to a reasonable
degree.
3. Results and discussion
Because of interannual variations of the weather, it is pertinent to put the weather
conditions of the present 60 months in the context of climatology. Thus, Fig. 2 shows the mean
and the range of air temperature and monthly total precipitation over the Gediz basin area (38 °-
39°N, 27°-28°E) together with the climatologic data at Izmir (38.5o?'4, 27.3°E) from Muller
(1982); the climatology for air temperature and precipitation are, respectively, for 39 and 58
years. It is desirable to put solar radiation also in this perspective, but I could not find such
measurements. It is seen in Fig. 2 that, with respect to the climatology, the present air
temperature values are generally lower by about 0.5°C, and the mean precipitation values are
also lower (maximum difference being 30 mm for January), except for July and August (the
months of minimum precipitation) and November. While the mean values of precipitation for the
present 60 months do not generally match the climatologic mean values, it is comforting to see
that the climatologic mean values are always within the range of present data.
Fig. 3 shows the mean and the range of monthly total evaporation and water equivalent of
net radiation. The maximum net radiation is seen to occur during May-July period (about one to
two months before the maximum air temperature or minimum precipitation, Fig. 2), while peak
evaporation occurs in May. A comparison of the seasonal pattern of evaporation with that of net
radiation and precipitation (Fig. 2) shows that evaporation is being determined by both the
available energy and moisture. While precipitation decreases in going from January to May,
ewtporation increaseswith increasingavailableenergy by depletingsoil moisture.However,
evaporationdoesnot increasewith increasingprecipitationduring fall andwinter dueto alackof
energy.The evaporativefraction (which is theratio of evaporationandnet radiation) is closeto
one during winter (November-January),but decreasesto about0.5 during May and further to
about0.1 duringAugust-September.
Seasonalvariationsof themeanandrangeof fractionaltranspirationand soil evaporation
are shown in Fig. 4. The fractional transpirationdecreases,while fractional soil evaporation
increasesin going from July to August, due to soil water stressaffecting transpiration.The
fractional transpirationbegins to increasefrom October, reachingits mean maximum value
(0.61) in May, whenfractionalsoil evaporationreachesits meanminimumvalue(0.34). It is also
seenthat meanfractional transpirationexceedsfractional soil evaporationonly for four months
(April-July), which will appearto bean importantperiod for thevegetationcommunity relying
on precipitationin this area.This is moreclearly seenfrom theseasonalvariationof netcarbon
accumulationby the plant communities,wherethe peakmonth is seento be May and then the
ratedecreasesrapidlydueto decreasingsoil moisture(Fig.5).
The annual values of the fluxes and fractional transpirationand soil evaporationare
summarizedin Table 1. The coefficient of interannual variation is highest for precipitation
(16%), followed by fractional soil evaporation (8%), total evaporation (6%), fractional
transpiration (5%), net carbon accumulation(4%) and net radiation (2%). It is perhaps
understandablethat the interannualvariationof soil evaporationfollows that of precipitation
becauseof intermittentwetting and drying processesdeterminingsoil evaporation.Also, the
interannualvariationof fractional transpirationandnet carbonaccumulationmight beexpected
to be similar becausefractional vegetationcover is an important determinant of both.
Consideringthat the coefficient of variationof evaporationis 6%, while that for precipitation
and net radiationare, respectively16%and2%, it appearsthat net radiation hasan important
effect in modulatingthe variability of evaporation.The meanannualwateruseefficiency (which
is the ratio of netcarbonaccumulationandtotal evaporation)is found to ca. 1 g (carbon)m-2
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mm-1, and hasa coefficientof interannualvari'ationof 5%.The meanefficiency correspondsto
about 2.2 g (dry matter) m-2 mm-I if carboncontentof vegetationis taken to be 45% of dry
matter (Ajtay et al., 1979). Although this mean efficiency is within the range of observations
{ca. 1-5 g (dry matter) m -2 mm- 1 }, it is at the high end of values for many plant communities
(Choudhury, 1997b). This suggests that evaporation over the Gediz basin area is utilized well for
biomass production.
The results presented above would have to be modified for irrigated areas. The model
calculations could be repeated knowing the time and the amount of water applied.
Methodologies for determining these irrigation characteristics from satellite observations have
not yet been developed. Alternately, evaporation from well-watered crops could be estimated
knowing crop coefficient and reference crop evaporation from planting to harvest (Doorenbos
and Pruitt, 1977; Allen et al., 1996). While the crop coefficients cannot yet be determined from
satellite observations, areally representative values of reference crop evaporation can be obtained
from these observations (Choudhury, 1997a). Seasonal variation of the mean and the range of the
reference crop (grass) evaporation values for the Gediz basin area is shown in Fig. 6. The mean
maximum evaporation (184 mm mo -1) occurs in July, while mean minimum (37 mm mo -1)
occurs in December. The mean total evaporation during the peak three months (June-August) is
500 mm, with the range 482-510 mm. For crops like maize and cotton, evaporation during these
three months could be about 575 mm, if the mid season crop coefficient is taken to be 1.15
(Allen et al., 1996). The mean and coefficient of variation of annual reference crop evaporation
are, respectively, 1176 mm and 3%.
4. Summary and conclusions
A biophysical process-based model, linking the rate of carbon assimilation with water
and energy balance equations, was run using satellite, assimilated and surface observations for
60 months (January 1986 to December 1990) to obtain components of total evaporation, net
radiation and net carbon accumulation.
3_3_
Calculations show that seasonal variation of total evaporation over the Gediz basin area
is determined by available energy and moisture. The evaporative fraction (which is the ratio of
total evaporation and net radiation) is close to 1.0 during the winter (November-January), but
decreases to about 0.5 during May and further to about 0.1 during August-September. The mean
maximum total evaporation and net carbon accumulation occur during May. Transpiration is the
dominant component of total evaporation during four months (March-June).
The mean annual evaporation over the area is found to 395 mm, which is composed to
45% transpiration, 42% soil evaporation and 13% interception. The coefficient of interannual
variation is highest for precipitation (16%) and lowest for net radiation (2%), while it is 6% for
total evaporation. The mean annual water use efficiency (which is the ratio of net carbon
accumulation and total evaporation) is found to be 1 g (carbon) m -2 mm-1. Considering that this
value of the efficiency is at the high end of the values for many plant communities, it appears
that evaporation over this area is utilized well for biomass production.
Seasonal variation of the mean and the range of the reference crop (grass) evaporation is
given, which could be adjusted by crop coefficients for estimating evaporation from irrigated
areas.
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Table I. A summary of annual values of the fluxes and some fractions. The sununary given are mean, range and
coefficient of variation (c.v., %) tbr precipitation (P, mm), water equiwflent of net radiation (R n, ram), total
evaporation (E, ram), net carbon accumulation (NCA, t (carbon) ha-I), fractional transpiration (fT) and soil
evaporation (fEs)'
P R n E NCA fT fEs
Mean 533 959 395 3.94 0.45 0.42
Range 437-613 925-977 364-417 3.71-4.11 0.42-0.48 0.38-0.46
c.v. 15.8 2.1 5.6 4.3 5.4 8.0
16
Caption to the figures
Figure 1. Computed and observed soil moisture within Illinois during January 1986 to December
1990, (a) mean seasonal variation, and (b) moisture anomalies. Note different scales for
seasonal variation of observed soil moisture and computed available moisture. The
wilting point moisture needs to be subtracted from the observed values for them to be
comparable to the computed values. The results of least square linear regression for
moisture anomalies are given in the figure.
Figure 2. Seasonal variation of the mean and range of daily mean air temperature and monthly
total precipitation for the present 60 months of data for the Gediz basin area (38°-39°N,
27°-28°E). Also shown are the climatologic mean values at Izmir (38.5°N, 27.3°E).
Figure 3. Seasonal variation of the mean and range of monthly total evaporation and water
equivalent of net radiation for the present 60 months of data.
Figure 4. Seasonal variation of the mean and range of fractional transpiration and soil
evaporation.
Figure 5. Seasonal variation of the mean and range of net carbon accumulation.
Figure 6. Seasonal variation of the mean and range of reference crop (grass) evaporation for the
Gediz basin area.
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